Tropical cyclone prediction, in terms of intensification and movement, is important for disaster management and mitigation. Hitherto, research studies were focused on this issue that lead to improvement in numerical models, initial data with data assimilation, physical parameterizations and application of ensemble prediction. Weather Research and Forecasting (WRF) model is the state-of-art model for cyclone prediction. In the present study, prediction of tropical cyclone (Phailin, 2013) that formed in the North Indian Ocean (NIO) with and without data assimilation using WRF model has been made to assess impacts of data assimilation. WRF model was designed to have nested two domains of 15 and 5 km resolutions. In the present study, numerical experiments are made without and with the assimilation of scatterometer winds, and radiances from ATOVS and ATMS. The model performance was assessed in respect to the movement and intensification of cyclone. ATOVS data assimilation experiment had produced the best prediction with least errors less than 100 km up to 60 hours and producing pre-deepening and deepening periods accurately. The Control and SCAT wind assimilation experiments have shown good track but the errors were 150-200 km and gradual deepening from the beginning itself instead of sudden deepening.
INTRODUCTION
Tropical cyclones (also called hurricanes or typhoons), designated based on maximum sustained wind speeds exceeding 17 m/s (62 km/h) and often not have attained wind speeds of 50 m/s (180 km/h) are known for their devastation in terms of loss of lives and property. During the last decade, loss of lives has considerably decreased due to improvements in prediction although economic losses have substantially increased due to increased vulnerability to habitation, industrial and commercial activity near the coastline. Prediction of tropical cyclones is an important issue as early warning help disaster mitigation. The current state-of-art methodology is to use atmospheric models specifically designed and adapted for tropical cyclone prediction. While efforts are being continuous to improve the predictions, which comes under short range weather prediction, developments are focussed towards the design of model in terms of dynamics and physics, numerical methods and initial conditions. Accuracy in the specification of initial conditions is important in short range weather prediction using models as it is essentially an initial value problem. Since atmospheric models use a grid domain at which future state is obtained, data observations available at indiscrete locations have to be collocated to produce the best possible description of the initial state. Thus data assimilation has been an important in modeling methodology. Efforts grew from hand interpolations at Richardson (1922) to the present data computer oriented advanced methodologies such as 3DVAR and 4DVAR through objective analysis methods of Panofsky (1949) , Cressman (1959) , Barnes (1964) and Sasaki's (1969) optimum interpolation schemes. Developments of data assimilation have been excellently presented in the reviewed presented periodically (Daley (1991) , Talagrand (1997) , Kalnay (2003) . For the prediction of tropical cyclones, prescription of initial state had severe limitations due to paucity of observations over oceans as tropical cyclones till the advent of satellite data and the developments in methodologies to assimilate satellite data. In recent times, several studies reported improvements in tropical cyclone prediction due to satellite data assimilation over all tropical oceans. A few of the recent studied are reviewed here. Xu et al. (2009) studied the impact of direct assimilation of ATVOS radiances data using the GSI-3DVAR system in the ARW model. Their results indicated that the track predictions of Hurricane Katrina have significantly improved after 36 h due to assimilation of ATOVS radiances. Srinivas et al. (2010) evaluated the impacts of satellite data and conventional observation assimilation in the prediction of a Bay of Bengal tropical cyclone and reported that assimilation of QSCAT winds, SSM/I winds, conventional surface and upper air meteorological observations through FDDA nudging produced better predictions of the movement and intensification of the tropical cyclone. Kanase and Salvekar (2013) reported improvements in the prediction of track of two cyclones (Aila 2009 and Jal 2010) with 24-hr forecast analysis nudging. Iyengar et al. (2014) predicted the Phailin cyclone using NCMRWF global forecast system and NCMRWF Unified Model (NCUM) and reported improvement of the track prediction with the Unified model in which 4DVAR has been used for the assimilation of global conventional and satellite data to improve the model initial conditions for tropical cyclone prediction. Greeshma et al. (2015) studied the impacts of data assimilation on tropical cyclone prediction through experiments with 8 cyclones over Bay of Bengal that had occurred during 2008 to 2013. They have used WRFDA system in the ARW model with assimilation of NCEP global PrepBUFR observations, Atmospheric Motion Vectors, Advanced Microwave Sounding Unit (AMSU) radiances. Their study of Phailin cyclone has shown improvements in prediction with the assimilation of both the convectional and satellite observations. Although data assimilation studies have shown improvements in TC prediction, there is need to check and evaluate as and when new satellite data (for e.g., ATOVS, ATMS etc.) becomes available. For this reason, this study has been taken up to assess the impact of satellite data from ATOVS (Advanced TIROS (Television and Infrared Observation Satellite) Operational Vertical Sounder, Advanced Technology Microwave Sounder (ATMS) in the prediction of Bay of Bengal tropical cyclones through a case study of "Phailin" cyclone using ARW model. The details of the ARW model and experiments, description of satellite data sets used and the methodology of assimilation are presented in the next three sections. Results from model integrations with and without satellite data assimilation are presented in Section 5.
DATA
Different data sets, global analysis and forecast fields, satellite data from different sources and observation reports of the "Phailin" cyclone have been used in the present study. A brief description of the different satellite data that have been used for assimilation impact experiments is provided as follows.
(i) ATOVS Data: The ATOVS radiance data is provided by NESDIS, which comprises of Advanced Microwave Sounding Unit (AMSU) and High-resolution Infrared Sounder (HIRS/3 and 4). The AMSU-A is a multi-channel microwave radiometer used for measuring global atmospheric temperature profiles and for gathering information on atmospheric water in all of its forms, save small ice particles which are transparent at microwave frequencies. AMSU-A provides global coverage data at spatial scale of 48.05 km in diameter at nadir on the Earth. The AMSU-B or MHS (microwave humidity sounder) is a 5 channel microwave radiometer that measures radiation from a number of different layers of the atmosphere in order to obtain global data on humidity profiles. AMSU-B also provides global coverage data at 16.0 km diameter cell at nadir. The HIRS is a discrete stepping, line-scan instrument designed to measure scene radiance in 20 spectral bands to permit the calculation of the The OSCAT Level 1B and Level 2 products are provided to NOAA by ISRO on an orbit-by-orbit basis via EUMETSAT. (v) ASCAT: The ASCAT ocean surface winds are a 10 meter neutral stability wind, processed and provided by NOAA/NESDIS utilizing measurements from ASCAT aboard the EUMETSAT MetOp satellites. The current geophysical model function (GMF) being used is CMOD5.5, where the GMF relates the normalized radar crosssection to the ocean surface wind speed and direction.
Data used for present study
The initial conditions and time varying boundary conditions were taken from NCEP GFS realtime data (http://www.ftp.ncep.noaa.gov/data/nccf/com/gfs/prod/) available at 1 degree resolution and 6-hour temporal resolution. The satellite radiance data is sourced from NCEP/EMC. The scatterometer winds are provided by NCMRWF GDAS observations. The background error covariance file (CV3) "be.dat" is being used for present study. The NCEP background error covariance is a global BE and can be used for any regional domain is computed based on NMC method (Parrish and Derber 1992) .
DESCRIPTION OF CYCLONIC STORM PHAILIN (8 TO 14) OCTOBER 2013
Phailin cyclone was first located as a low pressure system over Andaman Sea on 7th October, as a depression 0300 UTC of 8th with centre at 12N, 96E. The system moved in northwest direction attaining the stage of deep depression at 0000 UTC of 9th and recognised as a cyclonic storm at 1200 UTC of 9th October. The cyclonic system was declared as "severe cyclonic storm" at 0300 UTC and as "very severe cyclonic storm" at 0600 UTC of 10th October. The system intensified rapidly for the next 24 hours attaining T6.0 at 0300 UTC of 11 October. All along the Phailin cyclone moved in northwest direction, finally had its landfall around 1700 UTC of 12 October, 2013 near Gopalpur, Odisha state. After the landfall the intensity of the storm gradually decreased to a stage of deep depression at 1800 UTC of 13 October and depression at 0300 UTC of 14 October (IMD, 2014) . The observed track of the cyclone PHAILIN as per the reports of India Meteorological Department (IMD) is shown in Figure 1 . 
MODEL
The Advanced Research Weather Research and Forecasting (ARW) modeling system, developed and sourced from NCAR, is used in the present study. This model is referred to as the next generation model after MM5, incorporating the advances in atmospheric prediction suitable for a broad range of applications. The modeling system has versatility to choose the domain region of interest, horizontal resolution, and interactive nested domains with various options to choose parameterization schemes for cumulus convection, planetary boundary layer, explicit moisture, radiation, and soil processes. ARW is designed to be a flexible, state-of-the-art atmospheric prediction system that is portable and efficient on available parallel computing platforms, and a detailed description was provided by Skamarock et al. (2008) . ARW model is used in this study for its accurate numerics, higher-order mass conservation characteristics, and advanced physics. The model consists of fully compressible non-hydrostatic equations, and the prognostic variables include the three-dimensional wind, perturbation quantities of pressure, potential temperature, geopotential, surface pressure, turbulent kinetic energy, and scalars (water vapor mixing ratio, cloud water, etc.). The model equations are formulated using mass-based terrain following coordinate system and solved in Arakawa-C grid using Runge-Kutta third-order time integration techniques. The model has several options for spatial discretization, diffusion, nesting, and lateral boundary conditions. ARW modeling system supports horizontal nesting that allows resolution to be focused over a region of interest by introducing an additional grid (or grids) into the simulation with the choice of one-way and two-way nesting procedures. This model has been widely used by the scientific community for weather prediction including tropical cyclones. WRF Data assimilation system (WRFDA) is used for asssimilaiting the observations. WRFDA is the advanced version of the WRF's 3DVAR/ and 4DVAR module, which has the capability to assimilate several types of observations that include conventional surface, rawinsonde, aircraft, wind profiler, and atmospheric motion vectors and uniquely the radiances from all sensors directly through a forward radiative transfer model (Barker et al., 2012) . In order to retrieve the track position, central sea level pressure and maximum wind, the Geophysical Fluid Dynamics Laboratory (GFDL) vortex tracker program (Bao et al., 2013 ) is used.
Model experiments: The ARW model has been adapted and designed to have two two-way interaction nested domains with resolutions of 15 and 5 km and with the inner domain covering the Bay of Bengal region (Figure 2 ). The configuration of the model is given in Table 1 . Model integrations were performed for a 96-hr period and with a preforecast data assimilation period of 24 hours. A total of five model prediction experiments have been conducted, a control run (CNT) in which data assimilation was not adopted together with four data assimilation experiments with the assimilation of (i) ATOVS (AMSU-A, AMSU-B, HIRS) data (ii) ATMS data (iii) AMSU (AMSU-A, AMSU-B/MHS) radiances (iv) SCAT (ASCAT, OSCAT) winds. The details of numerical experiments are provided in Table 2 . Considering the life cycle of the Phailin cyclone, assimilation period was chosen to be from 00 UTC of 8 October to 00 UTC of 9 October 2013 with five 6-hour cycles. Thus the model integrations have started at 00 UTC of 9 October 2013 and ended at 00 UTC of 13 October 2013 for all the four assimilation experiments and the control run. 
RESULTS
In this study, the prediction of Phailin cyclone over Bay of Bengal has been taken up to as a case study to assess the impacts of assimilation of different satellite data. Reports of the IMD indicated that the Phailin cyclone had attained the stage of "very severe cyclonic storm" (as per IMD nomenclature) with a sustained maximum wind speed of 120 knots and minimum central surface pressure of 940 hPa. In terms of track, the Phailin cyclone had a consistent northwest moment following general climatology with its landfall near Paradip, Odisha state on the east coast of India. The results from the five predictions experiments in terms of track (position and distance error) and intensity in terms of central surface pressure and maximum wind speed are presented in Figure 3 . (Figure 3a) show that the control run and two of the assimilation experiments (ATOVS and SCAT) have predicted northwest movement of the cyclone consistent with the observations. Two of the assimilation experiments, with the assimilation of only AMSU radiances data and only ATMS data had predicted the tracks with deviation to the left of the observations (i.e.) with the predicted cyclone moving more towards west of the observations. While the CNT and two assimilation experiments have predicted the landfall with an error of 150 km, experiments -AMSU and ATMS did not predict a landfall as the predicted movements were slow and convoluted. Out of these three good prediction experiments, control run and SCAT wind assimilation experiments had shown slight deviation to the right of observed track while the ATOVS assimilation experiment had shown excellent coincidence of track up to 48 hours and with a slight deviation to the left of the observed track. Corresponding track vector distance errors are shown in Figure 3b . Of all these experiments, ATOVS assimilation had produced smaller track errors of less than 100 km up to 48 hours and best track up to 60 hours whereas the CNT and SCAT wind assimilation experiments had track errors in the range of 150 to 200 km beyond 30 hours. Despite the initial position error of 110 km, ATOVS had track error of 20 km at 6 hours indicating a rapid adjustment of model environment to the in situ environment. In contrast, both the control run and SCAT winds assimilation experiments had initial position error of 25-30 km and the track errors rapidly increased to 175 km by 30 hours. These results indicate the importance of the assimilation profiles of temperature and humidity fields far more than surface wind assimilation. The near coincident tracks of the CNT and SCAT wind experiments indicate that NCEP GFS conditions at 1 degree resolution used in the present study, have a good representation of wind field congruent with the SCAT winds over the region.
The model predicted central surface pressure (CSP) along with IMD estimates are shown in Figure 3c . Experiment with assimilation of ATMS and AMSU did not show any intensification of the cyclone system. The time variation of CSP in the experiment with ATOVS assimilation shows the stages of pre-deepening for 24-hours followed by deepening and attainment of minimum CSP of 950 hPa at 72 hours. In contrast, the CNT and SCAT wind assimilation experiments have shown gradual deepening from the initial time itself and reaching a minimum CSP of 930 hPa at 72 hours. In comparison with IMD report, ATOVS experiment resembles more with the observations as the experiment could predict a predeepening period followed by rapid intensification although the predicted minimum CSP is higher by 10 hPa.
The predicted maximum wind speed along with IMD observations is shown in Figure 3d . As of the CSP variations, ATOVS experiment had the maximum wind speed (MW) of 55 knots at the initial time decreasing to 35 knots at 30 hours and then rapidly increasing to 85 knots at 66 hours. The CNT and SCAT wind assimilation experiments had wind speed increasing from 60 knots at the initial time to 100 knots at 60 hour. Although these three experiments underestimated the maximum wind speed, the time of attainment is reasonable with a delay of 6 to 12 hour only. Experiments with ATMS and AMSU did not show any increase of wind speed. The initial decrease during the first 24 hours as noted in the three good prediction experiments, ATOVS performs better in terms of the sudden increase of wind speed indicating rapid intensification of the cyclonic system as compared to a gradual increase in the CNT and SCAT wind assimilation experiments.
b. Assimilated data:
In this section a brief description of the bias correction, quality control and statistical metrics related to the assimilation of different satellite data are presented. Data from AMSU-A, AMSU-B, MHS and HIRS have been released after prepossessing for bias correction by NESDIS. The biases are dependent on satellite on satellite sensors are not constant for every channel. Figure 4a show a comparison of the biases of brightness temperature (BT) as a function of the channels for domain 1 region. The statistical parameters presented are the averaged values for all 5 cycles (00, 06,12,18 UTC of 08 October, 00 UTC of 9 th October, 2013). It is noted that with bias correction, the innovation for most channels are confined to less than 0.5k which is quite smaller in magnitude as compared to no bias correction. These bias corrections are noted to be smaller than those derived by Xu et al. (2009) for their hurricane Katrina study.
The number of observations assimilated from different sensors is shown in Figure 4b . It is noted that Metop-1, Metop-2, NOAA-18 and NOAA-19 in channel 3, 4, 5 (MHS) less have the largest number of observations with 14000 for Metop-1, 8000 for Metop-2, 8000 for NOAA-18, and 9000 for NOAA-19. This is in sharp contrast to other satellite data where in the assimilated observations are around 2000 for AMSU-A and AMSU-B of NOAA-15 and NOAA-16 and far less (~100 to 500) for others. This clearly indicates the impact of humidity correction that is attributable to the large number observations from MHS. The root mean square errors (RMSE) for various satellite data are shown in Figure 4c . It is observed that the RMSE for MHS is 1.5 to 2 as compared to 5 -6 for AMSU-B of NOAA-16. RMSE for other data is insignificant as the number assimilation observations are quite small. Similar analysis for ATMS (Figure 6 ) shows that the number of assimilation observations is 10000-12000 for channel 9 and 10 and around 6000 for all other channels. The biases for ATMS are 0.1k for channel 22, 0.07k for channel 22 and less than 0.05k for all other channels. Corresponding RMSE are about 0.2k for channels up to 10 and 0.8 -1.0k for channels 18 to 22. 
c. Description of assimilated data fields:
With a view to understand the impacts of assimilation of different data in the improvement of initial conditions, analysis of wind, temperature and humidity for the different experiments has been made. The differences between the CNT (considered as observation) and the assimilated fields at 0000 UTC of 9 October 2013 corresponding to the start of model integration have been computed. The results are presented as follows.
The wind at 850 hPa in the CNT run shows anticlockwise rotating winds around a centre at 12.9N, 93.7 E with strength exceeding 30 m/s with a clearly defined inner flow all features depicting a cyclonic system (Figure 7a) . The difference wind plots (Figure 8 a,b,c,d) show that all assimilation fields have stronger winds at the centre, both ATOVS and AMSU have stronger wind field in the outer environment, especially to the north and weaker winds in the south indicating a stronger gradient in these two experiments. Contrastingly ATMS and SCAT experiments have negative values (that indicate weaker winds) all around the centre. These features suggest stronger asymmetries of the cyclone structure in the ATOVS and AMSU experiments. The temperature fields at 850 hPa for CNT shows warmer core region at the center of the storm with temperature around 20ºC (Figure 7b ). The temperature difference fields at 850 hPa shows positive values of 2-5 degrees near the centre and negative values all around in the ATOVS (Figure 9a ) and AMSU ( Figure 9b ) experiments and negligible negative values throughout in the ATMS (Figure 9c ) and SCAT (Figure 9d ) experiments. These features indicate warmer core in the ATOVS and AMSU assimilations. The relative humidity (RH) fields in the CNT run show typical humidity structure with near saturation around the cyclone centre and spiralling humid inflow (Figure 7c ). The differences in RH field of ATOVS, AMSU and ATMS show higher humidity (>50%) over a larger area around the core of the cyclone system and lesser values in around the near core (Figure 10 a, b, c) , whereas SCAT shows negligible smaller humidity differences (Figure 10d ). These features along with the noted higher humidity observation assimilation indicate a clear significant impact of humidity observations leading to contrasting humidity distributions with higher humidity in the outer environment that have also contributed to variations in the temperature and wind fields. A comparison of differences (assimilation CNT-experiment) in the vertical profiles of wind speed (m/s), temperature (k), humidity (%) and absolute vorticity (/s) fields at a single location near the core of the cyclone is depicted in Figure  11 . The negative values show that the sensitivity experiments are deviated from the CNT positively (CNT-EXP). The differences in wind speed shows that the speed lies between ±5 m/s upto 700 hPa, negative upto 400hPa level and having large variations afterwards (Figure 11a ). The differences in temperatures shows that higher temperatures throughout the troposphere are observed; SCAT has lower temperatures at middle and upper levels; ATOVS had warmer middle levels and cooler upper levels; and AMSU had been warmer in the middle and upper levels ( Figure 11b ). These indicate strong contrasting differences between the different assimilations for the impact on temperature field. Considering vertical humidity fields, large differences exist above 750 hPa level (<-20%) otherwise the variations in the lower troposphere are less than 10% (Figure 11c ). These profiles show that the radiance assimilation have larger impacts in modifying the humidity fields than any other fields and subsequently changes are observed in other fields. Similarly the vertical variations of absolute vorticity shows that the variations for SCAT shows negative and the remaining radiance assimilation experiments on the other hand deviated on the positive side, which describes the reduction of radial component of wind in the radiance assimilation experiments. This is a preliminary analysis and more detailed analysis will be made to ascertain the differences. .rhI' . 
SUMMARY
In this study, the impact of satellite data assimilation on tropical cyclone prediction through improvement of initial conditions using ARW model is studied. Phailin cyclone that had its life cycle over Bay of Bengal during 9 -13 October 2013 has been taken up as a case study, as the cyclone attained the stage of "very sever cyclonic storm" and had a consistent northwest movement. ARW model is adapted and designed to have nested two domains and with inner domain predictions at 5-km resolution. ATOVS radiance data that include data from AMSU-A, AMSU-B or MHS and HIRS; Advanced Technology Microwave Sounder (ATMS); and scatterometer (SCAT) from OSCAT and ASCAT winds have been assimilated through different model prediction experiments to understand the nature of observations in terms of number and quality and the impact of wind, temperature and humidity fields on the prediction of cyclone track and intensification. Assimilation was done for 24-hours, considered as pre-forecast period, with 5-cycles of assimilation and prediction on was carried out for 96-hours. The evolution of Phailin cyclone from four satellite data assimilation experiments and an experiment without assimilation, denoted as "control" run (CNT) was analysed to evaluate track and intensity errors.
ATOVS data assimilation experiment had produced the best prediction with least errors less than 100 km up to 60 hours. Control run and Scat wind assimilation experiments have shown good track but the errors were 150-200 km. ATMS and AMSU experiments did not show any intensification beyond the initial intensity and the track errors were largest with deviated track and no predicted landfall. ATOVS produced the best prediction for intensification, producing predeepening and deepening periods accurately. Control and Scat wind experiments also predicted the intensification but with gradual deepening from the beginning itself instead of sudden deepening which is a noted characteristic of tropical cyclones.
An analysis of the characteristics of assimilation data has shown that Metop-1, Metop-2, NOAA-18 and NOAA-19 in channel 3, 4, 5 (MHS) have the largest number of observations thus indicating the impact of humidity correction that is attributable to the large number observations from MHS. Analyses of the differences in the initial wind, temperature and humidity fields at 850 hPa level and vertical variations at the tropical cyclone central region has shown that ATOVS and ATMS experiments had shown impacts on the outer environment humidity, and corresponding warmer central region and stronger core winds. Although humidity assimilation has been noted to be important, corresponding impacts on temperature and winds had been seen.
This study clearly brings out the impacts of satellite data assimilation towards improvements in the description of initial conditions that lead to better prediction of tropical cyclone evolution in terms of movement and intensification. The assimilation and model experiments also indicate the usefulness of 3DVAR assimilation methodology and ARW model in tropical cyclone prediction.
